To evaluate the metabolic responses in tumor cells exposed to ionizing radiation, oxygen 2 consumption rate (OCR), cellular lipid peroxidation, cellular energy status (intracellular 3 nucleotide pool and ATP production), and mitochondrial reactive oxygen species (ROS), 4 semiquinone (SQ), and iron-sulfur (Fe-S) cluster levels were evaluated in human 5 cervical carcinoma HeLa cells at 12 and 24 h after X-irradiation. LC/MS/MS analysis 6
1

HeLa cells by LC/UV, LC/MS/MS and ESR
It is well-known that cancer cells tend to convert glucose into lactate for energy 2 production rather than utilizing the mitochondrial electron transport chain (ETC), even 3 under oxygenated conditions (i.e., the Warburg effect) [1] . Recently, it has been reported 4 that most cancers still retain mitochondrial function [2] and inhibition of mitochondrial 5 ETC stimulates the apoptotic signaling pathways [3] . Lu et al. showed a rapid relocation 6 of the mammalian target of rapamycin (mTOR) to mitochondria and reprogramming of 7 biogenetics from glycolysis to mitochondrial oxidative phosphorylation due to the 8 mTOR-mediated inhibition of hexokinase II, a key enzyme in regulation of glycolysis, in 9 tumor cells after irradiation [4] . In our recent studies [5, 6] , inhibition of dynamin-related 10 protein 1 (Drp1), which controlled mitochondrial fission, reduced mitotic catastrophe in 11 mouse fibroblast NIH3T3 cells and mouse SV40-immortalized embryo fibroblasts 12 exposed to X-rays. It was also demonstrated that treatment with lipophilic 13 triphenylphosphonium cation (TPP + ) derivatives, which inhibit mitochondrial ETC, 14 enhanced X-ray-induced cell death by increasing reactive oxygen species (ROS) release 15 from mitochondria and loss of intracellular ATP in human cervical carcinoma HeLa cells 16
Statistical analysis 1
All results are expressed as mean ± standard error (SE) of at least three independent 2 experiments. Statistical analyses were performed by Student's t-test. The minimum level 3 of significance was set at P < 0.05. 4
Results 6
X-Irradiation enhances OCR and ROS production by mitochondria 7
Intracellular OCR is an important marker of mitochondrial energy metabolism because 8 ETC in the mitochondria requires oxygen to produce ATP. Cellular OCR in non-9 irradiated and X-irradiated HeLa cells was measured by ESR oximetry using LiNc-BuO 10 as the oxygen-sensitive probe. When non-irradiated cells were mixed with LiNc-BuO 11 particles and ESR was performed at physiological temperature (37°C), the peak-to-peak 12 line width of ESR spectrum decreased gradually in a time-dependent manner ("Control" 13 in Figure 1A ). Oxygen concentration calculated by the standard curve was plotted against 14 incubation time (closed circles in Figure 1B ), and the obtained OCR from the slope of 15 this regression line was 6.0 ± 0.7 mmHg/1.25 × 10 5 cells. The presence of complex I 16 inhibitor, rotenone, abolished the time-dependent decrease in the peak-to peak line width 17 of ESR spectrum in non-irradiated HeLa cells ("Rotenone" in Figure 1A ) and reduced the 18 slope value to that of cell-free condition (open circles in Figure 1B ), indicating that 19 oxygen consumption was primarily due to mitochondrial oxygen metabolism. 20
Furthermore, it was shown that the line width of the ESR spectrum ("X-irradiation" in 21 Figure 1A ) obtained from HeLa cells at 24 h after irradiation rapidly decreased compared 22 to that ("Control" in Figure 1A ) of the ESR spectrum of non-irradiated cells. In the OCR 23 data summarized in Figure 1C , OCR of X-irradiated cells (8.7 ± 0.5 mmHg/1.25 × 10 (6.0 ± 0.7 mmHg/1.25 × 10 5 cells). In addition, rotenone inhibited the time-dependent 1 decrease of peak-to peak line width of ESR spectrum in both non-irradiated and irradiated 2 cells ("Rotenone" and "X-Irradiation + Rotenone" in Figure 1B ) and there was no 3 significant difference in the OCR between non-irradiated and irradiated cells in the 4 presence of rotenone ( Figure 1C ). These observations indicated that X-irradiation induced 5 an increase in mitochondrial oxygen metabolism, including ETC activity. 6
Because it has been reported that the release of ROS from mitochondria is due to 7
O2
.− produced by the reaction of oxygen with the electrons leaked from complexes I and 8 III of ETC [23, 24] , there is a possibility that excess leakage of electrons from ETC, 9 mediated by X-irradiation, enhances intracellular ROS level including that of O2 panel), respectively. The retention time of 8-iso PGF2α and 5-iPF2α-VI was 7.8 min and 7 8.2 min, respectively, and the peaks of cell samples were determined from the retention 8 times of standard samples. Supplementary Figure 1C shows the chromatograms of 9 cellular 8-iso PGF2α (upper panel) and deuterated internal standard 8-iso PGF2α-d4 (lower 10 panel) from the non-irradiated cells, and supplementary Figure 1D shows the 11 chromatograms of cellular 5-iPF2α-VI (upper panel) and deuterated internal standard 5-12 iPF2α-VI-d11 (lower panel) from the non-irradiated cells. Figure 2A shows the time 13 course of 8-iso PGF2α contents after X-irradiation. 8-Iso PGF2α contents remained 14 unaltered until 24 h after X-irradiation. Figure 2B shows the time course of 5-iPF2α-VI 15 contents after X-irradiation. 5-iPF2α-VI contents also remained unaltered until 24 h after 16 X-irradiation. Figure 2C Next, HeLa cells were irradiated with 10 Gy of X-rays, incubated for 24 h, and 5 the ESR spectrum of 3 × 10 7 whole cells were obtained at 103 K ( Figure 4A , lower panel). 6
When the peak height of each ESR signal was measured, it was demonstrated that the 7 intensity of ESR signal at g = 2.004 was significantly enhanced as shown in Figure 4C . 8 Jong and Albracht [40] and Vinogradov et al. [42, 43] demonstrated that activation of the 9 respiratory chain in bovine heart submitochondrial particles by NADH or succinate 10 enhances the intensity of ESR signal at g = 2.004 and that rotenone abolishes this response, 11
indicating that SQ radicals act as obligatory intermediates of ETC in the mitochondria. 12
To clarify the relationship between radiation-induced enhancement of ESR signal at g = 13 2.004 and mitochondrial functions, HeLa cells were incubated in the presence of a 14 complex I inhibitor, rotenone, in mitochondrial ETC systems after X-irradiation. X-15 irradiation-induced increase in response of g = 2.004 signal was completely abolished by 16 incubation with rotenone ( Figure 4B ). In non-irradiated HeLa cells, quantitative analysis 17 revealed that the ESR signal intensity at g = 2.004 was attenuated to about half by 18 incubation with rotenone, indicating that the g = 2.004 signal was partly derived from 19 complex I. Furthermore, it was shown that the intensity of the g = 2.004 signal obtained 20 from X-irradiated HeLa cells with rotenone was quite similar to that of non-irradiated 21
HeLa cells with rotenone ( Figure 4C ). These data indicated that X-irradiation-enhanced 22 SQ was strongly associated with mitochondrial ETC systems. 23
In contrast, the intensity of ESR signals at g = 1.941 seemed to be not influencedESR signal at g = 1.941 may be not accurate because the line width (7.5 mT) of this ESR 1 signal was too broad due to very short relaxation time at approximately 103 K. To obtain 2 more accurate data, the ESR spectra of HeLa cells without or with X-irradiation were 3 measured at 20 K. It was observed that the line width of ESR signals at g = 1.941 at 20 K 4 was 4.1 mT, and this ESR signal with high signal-to-noise ratio was suitable for 5 quantitative analysis ( Figure 5A, upper panel) . Moreover, it was clearly demonstrated 6 that the intensity of the ESR signal at g = 1.941 was not influenced by X-irradiation 7 ( Figure 5B). These phenomena suggest that X-irradiation enhances SQ radicals but not 8
Fe-S cluster. of aerobic glycolysis at 24 h after exposure of 10 Gy X-rays to HeLa cells, suggesting 2 that X-irradiation also increase mitochondrial ETC but also aerobic glycolysis in our 3 present condition. However, as shown in Figure 3C , oligomycin completely abolished X-4 irradiation-induced increase in ATP, meaning that X-irradiation-induced increase of ATP 5 was mainly derived from mitochondrial F0F1-ATPase/ATP synthase in complex IV but 6 not aerobic glycolysis. From these data, it could be inferred that X-irradiation-induced 7 increase of aerobic glycolysis did not significantly contribute to total ATP production in shown in Figure 4A and 5, the ESR data suggested the X-irradiation induced increase in 16 electron flow in complex I-related SQ but did not unchanged amount of Fe-S cluster. 17
Though the aerobic glycolysis (Warburg effect) seems to be enhanced by X-irradiation, 18 cellular NADH as an electron donor for the mitochondrial ETC was not altered until 24 19 h after X-irradiation as shown in Figure 3D . Taken together, X-irradiation induces 20 increase of mitochondrial mass and/or an imbalance of expression of some components 21 related with ETC, thereby increasing reaction of oxygen with the electrons leaked from 22 ETC to produce O2
.− . To clarify the precise mechanism for late production of ROS and 23 increase of ATP after exposure of X-rays to tumor cells, further experiments to examinethe radiation-induced response in energy metabolism of not only ETC but also glycolysis, 1 glutaminolysis and TCA cycle are necessary in the next step. 2
In summary, the present study clearly demonstrated that X-irradiation induced an 3 increase in OCR, ATP levels, and leakage of ROS at 24 h after X-irradiation, indicating 4 the activation of mitochondrial function. During this mitochondrial activation, the values 5 of AEC and NADH were maintained within the range of physiological condition. 6
However, X-irradiation induced an increase in SQ radical levels but not in Fe-S cluster 7 levels, suggesting redox imbalance in the mitochondria of X-irradiated cells. These 8 results suggested that the leakage of excess electrons triggered by this mitochondrial 9 redox imbalance reacted with molecular oxygen, leading to an increase in intracellular 10 O2
.− levels. In addition, the combined application of ESR oximetry and low-temperature 11 ESR spectroscopy to analyze whole cells showed that this combination is a powerful tool 12 for analyzing the mitochondrial redox status. Treatments with rotenone are similar to those described in Figure 1E . Data are 11 expressed as means ± SE of three experiments. *P < 0.05, **P < 0.01 (Student's t-12 test). 13 have given an equation that the ESR signal amplitude (S) is related to the microwave power (P) by logS/(P) 0.5 =logA/(1+ P/P 1/2 ) 0.5b , where P 1/2 and A refer to the power for half saturation and a scaling factor, respectively. b refers to the inhomogeneity parameter, which can vary from 1.0 for inhomogenous broadening to 2.0 for homogenous broadening. The value of P 1/2 was estimated by fitting the experimental saturation data (EPR signal amplitude as a function of incident microwave power) to this equation. Data fitting by a least squares method was performed by a personal computer with Microsoft Excel.
